Lipids and carbohydrates have long been measured in organisms with various techniques. The microseparation and calorimetric method for quantifying lipids with a vanillin reagent, and glycogen and sugars with an anthrone reagent in mosquitoes described by Van Handel have been adapted widely for many insect species. Given the common use of this technique and variety of applications, a review is warranted. First, the procedure and adaptations are described, followed by other procedures available for quantifying energetic reserves. Next, practical logistics for running assays are discussed for new users. Previously, these assays have been reviewed for studying the sugar feeding behavior of biting flies and parasitoids. This review will survey a wider variety of applications from 85 papers with an emphasis on publications since 2004. For example, nutrient assays have been applied to establish the baseline energetic reserves of insects under various conditions, evaluating habitat manipulation programs, to better understand maternal allocation, overwintering and mating behavior, and flight energetics.
A protocol to quantify the lipids, glycogen, and sugar in mosquitoes was published by Van Handel (1985a,b) and Van Handel and Day (1988) and has since been cited 535, 515, and 118 times, respectively (Google Scholar, August 2018) . This calorimetric procedure gained popularity among biting flies and tephritids because of its simplicity, sensitivity to measure levels in a single insect, and simpler instrumentation compared with other techniques available at the time. Modifications for a parasitic wasp made by Olson et al. (2000) enabled more studies on the feeding ecology of other parasitoids, and this has been cited 180 times. Further adaptations were made so that protein levels could be quantified on the same insect along with lipid, glycogen, and sugar (Yee and Chapman 2008, Foray et al. 2012) . This review will first describe the procedures and adaptations made to Van Handel's assays and then discuss other methods to assess nutrients including a modified enzymatic approach (Phillips et al. 2018 ) with their advantages and disadvantages. Next, it will cover some practical logistics of running nutrient assays for new users. Last, the multitude of applications will be discussed. Heimpel et al. (2004) discussed applications of Van Handel assays and chromatographic techniques for studying sugar feeding among parasitoids and biting flies. To follow-up, this review surveys 85 papers focusing on recent ones and those related to biological control and behavior by noting their practices and questions addressed.
Procedures
The assays based on Van Handel (1967; 1985a,b) , Van Handel and Day (1988) , and modifications by Olson et al. (2000) are simple and sensitive to measure reserves in individual insects. For the chemistry behind this assay and other assays, refer to the original or review papers. In practice, the insect is crushed in solution, another solution is added, and this is centrifuged to form a glycogen precipitate (Fig. 1a) . The supernatant is decanted into a glass tube and then split in half: one for lipid and one for sugar bioassays. Lipids are eventually reacted with a vanillin reagent turning pink, and sugars and glycogen are reacted with an anthrone reagent turning green-blue. The optical densities of these solutions are read on an absorbance reader and compared with calibration lines derived from reactions with known standards (described in logistics). Fructose can be specifically measured by reacting the sugar solution with anthrone at room temperature (cold anthrone test, Van Handel 1967) , and the solution is read and then heated at 90°C (hot anthrone test) to react with remaining sugars. The cold anthrone test is often used to detect recent nectar or sucrose feeding because fructose is a common component of floral nectars (Van Handel 1972, Baker and Baker 1982) and sucrose comprises a glucose and fructose moiety. This test is applied when fructose is confirmed not to be present in the newly emerged insect. The anthrone test can underestimate the levels of sugar alcohols (i.e., sorbitol, mannitol), and careful interpretations should be made when sugar alcohols are expected to be present in substantial concentrations (Body et al. 2018 ).
Adaptations
The procedures outlined in Olson et al. (2000) have been used for stout vinegar flies about 4 mm long and slender braconid and ichneumonid wasps about 6-8 mm long. For different-sized insects, procedures have been adapted to accommodate large ladybird adults by only running the analysis on the dissected gut (Seagraves et al. 2011 ) and on stink bug adults, nymphs (Skillman et al. 2018b Olson et al. (2000) developed from Van Handel (1967) and Van Handel and Day (1988) , (b) Foray et al. (2012) , and (c) enzymatic assays from Phillips et al. (2018) . 'Standards' paragraph describes the calibration process to quantify nutrient levels. Diagrams by Lee. Scelionidae), uses one quarter of the typical 1,000 µl reaction volume (Supp Appendix A [online only]), and small braconid parasitoid of aphids uses one tenth of the reaction volume (Wyckhuys et al. 2008) . To get detectable readings on tiny Aphidius wasps, females or males from the same treatment replicate are paired for assay, and the supernatant is only used for either lipid or sugar assessments, not both (Souza et al. 2018 ).
Quick Crush
Small-bodied insects (~1 mm) have also been assayed by a quick-crush method requiring no processing or instrumentation. An aphelinid (Heimpel et al. 2004 ) and mymarid wasp (Segoli and Rosenheim 2013) (Lavandero et al. 2005 ).
Lipid and Glycogen Adjustments
Adaptations have been made to Van Handel's assays to increase accuracy with lipid and glycogen readings. The vanillin assay reacts with a variety of lipids including triglycerides, an important storage lipid (also referred to as TAG, triacylglycerides; Van Handel 1985b). However, polar phospholipids that serve a structural purpose may comprise a small proportion of lipids in an insect. To better estimate the amount of stored lipids, Foray et al. (2012) includes extra steps with silicic acid to remove polar lipids before lipid readings are taken.
Original lipid assays were done in tubes, and a high-throughput lipid assay done entirely in microplates is described in Cheng et al. (2011) ; it requires an equipment for plate heating. Next, to remove trace sugar from glycogen pellets of tephritid flies, the pellet is washed with a methanol rinse before dissolving the pellet in water for the anthrone reaction (Warburg and Yuval 1997) . In a parasitoid, the pellet was rinsed twice with methanol with vigorous vortexing and centrifugation .
Include Protein
The procedure described by Foray et al. (2012) combines the Bradford (1976) and Van Handel assays to simultaneously measure protein, lipids, glycogen, and sugars in a given insect with minimal loss of fidelity (Fig. 1b) . Previously, a researcher may have used a subset for the Bradford assays and a subset for the Van Handel assays because both assays are destructive. Furthermore, Foray's procedure reduces the reaction volumes for microplates allowing large sample sizes to be run simultaneously and thereby reduce 'run to run' error. Several steps of heating and reacting occur right in the plate to improve efficiency. Some additional instrumentation is required including beads, homogenizers, and borosilicate glass microplates. Since publication, over 45 papers have cited this approach (Google Scholar, accessed August 2018).
Other Approaches
Lipids Storage lipids, triacylglycerides, have been measured by chromatographic, gravimetric, vanillin, and enzymatic assays that are compared by Williams et al. (2011) . Chromatographic techniques involve separating substances by polarity and gas chromatography, high-performance liquid chromatography (HPLC), or thin-layer chromatography (TLC) that can be followed by flame ionization detection (FID). TLC-FID was concluded to be a simple and accurate approach for specifically measuring storage lipids. Although the vanillin assay can react with a variety of lipids, Williams et al. (2011) found similar readings between vanillin assays and TLC-FID. They recommended not using the vanillin assay if the fatty acid composition of insects might differ between treatments. Gravimetric methods involve weighing the insect fresh, dried, and after extraction with a Folch reagent (2:1 chloroform:methanol, Folch et al. 1957) , diethyl or petroleum ether or other solvent. This process can be time consuming. Enzymatic assays are convenient to run with many samples, available in commercial kits, and specific. However, this approach may be less accurate with overwintering insects, enzyme inefficiency, or interference with Drosophila eye pigments during the absorbance reading (Al-Anzi and Zinn 2010).
Glycogen
For glycogen measurements, Van Handel and Day (1988) , Olson et al. (2000) , and Foray et al. (2012) use 1:2 chloroform-methanol during the microseparation process. Others have modified the approach of Seifter et al. (1950) by first digesting the insect in potassium hydroxide (KOH), then using the precipitate to react with anthrone (Cockbain 1961 , Van Handel 1965 , Toxopeus et al. 2016 . Van Handel (1985a) states that the previous microseparation technique by Van Handel (1965) with digestion was time consuming, and the alternative process of crushing the insect in sodium sulfate and then mixing in another solvent was efficient and maintained specificity.
Sugars
Sugar levels of insects are commonly quantified by HPLC and sometimes by high-performance anion-exchange chromatography (HPAEC) (Beach et al. 2003, Williams and Roane 2007) . These approaches are advantageous for quantifying specific amounts of fructose, glucose, sucrose, trehalose and other oligosaccharides. Trehalose is the primary sugar stored in insect hemolymph and is an estimate for available energy. Also, specific profiles can inform what source of food the insect was feeding on. For instance, if a parasitoid wasp was feeding on honeydew, it may have a 'signature sugar' common in honeydew but not in floral nectar, such as raffinose for one aphid parasitoid (Wyckhuys et al. 2008) . However, this is not without exception as an ichneumonid wasp was found to synthesize melezitose in its digestive system after feeding on sucrose; melezitose was considered a signature honeydew sugar (Wackers et al. 2006) . Although HPLC and HPAEC are highly sensitive, it also requires more expertise and sophisticated laboratory equipment than the other assays. Recently, a modified enzymatic method was described for reading fructose, glucose, sucrose, and trehalose in a single insect (Phillips et al. 2013 (Phillips et al. , 2018 . Basically, a mixture of enzymatic reagents reacts with glucose creating a stain where the optical density is read on an absorbance reader, by image analysis of a digital photo, or qualitatively (Fig. 1c) . To assess fructose or trehalose levels in an insect, this reagent plus glucose-6-phosphate isomerase or trehalase is used, respectively, converting them to glucose for readings. Adjustments are made to determine levels of these sugars in an individual insect. These procedures are relatively simple without using acids.
Other techniques are available to study energy expenditure, such as with insect mitochondria (Keeley 1973 ), but are beyond the scope of this review. Energy allocation has also been studied using radiotracer or stable isotope analyses to determine how sugar from larval and adult sources are used in reproduction in adult butterflies (Boggs 1997 ) and adult Drosophila (Min et al. 2006 ).
Practical Logistics for Van Handel or Other Assays
Reagents, volumes, and reaction times are described in the procedures of various publications, yet these procedures are written concisely in manuscripts. Therefore, a typical lab bench protocol is provided in Supp Appendix A (online only) for guidance on pacing steps together.
Storage
First, insects need to be preserved. Van Handel (1985a) recommended storing insects at −20°C or lower to prevent degradation of nutrients by enzymes, or drying insects at 90°C to halt enzymatic activity. In a survey, 43 out of 85 papers mentioned storing insects at −20 to −80°C, whereas five papers mentioned fixing/drying the insect with heat (Supp Table S1 [online only]). Insects have also been stored in 70-95% ethanol. This may be suitable when continuous cold storage is not possible. Phillips et al. (2018) recommend crushing the insect in ethanol if insects will be stored above −20°C to prevent enzymatic degradation. They found more trehalose degradation among insects stored whole in ethanol in comparison with insects stored crushed in ethanol or frozen whole.
Weight/Size
The weight or size of the insect will probably affect the amount of nutrients in its body. A dry or wet weight, or measurement of head capsule width, hind tibia length, pronotum width, wing area, or wing length are frequently made on insects prior to nutrient assays. Such measurements may be included as a covariate in the statistical model if it improves model fit (Tochen et al. 2016) . Studies may specifically look at how size affects nutrient allocation or metabolism, and use size to determine the 'expected' and 'used' energy reserve of a fieldcollected insect based on reference insects of similar size (Ellers et al. 2001) . Last, weight is sometimes used as a proxy for nutritional status, but the wet weight of an insect can reflect hydration and not reflect actual energetic levels (Williams et al. 2012 , Skillman et al. 2018a ). Thus, studies should use wet weight cautiously as a proxy or when hydration levels are expected to be similar across treatment comparisons.
Egg Load
Insects can be dissected to count ovarial egg load prior to running the assays to provide information on energetic stores in relation to reproductive capacity. The dissection is performed quickly within 5 min, and the samples are kept on ice to prevent enzymatic degradation. A researcher then decides on whether to include or exclude the eggs from the nutrient bioassay or run a separate egg and body assay for each female depending on the research question and time available. The nutrient content of eggs might be considered unavailable for adult maintenance, and thereby dissected ovaries are excluded from analysis (Olson et al. 2000) . For other insects, the eggs are dissected and then returned to the body for an overall nutrient analysis for an individual (Foray et al. 2014) , and no lipids are noticeably lost in the process (Ellers 1996) . For some insects, the eggs scatter during dissection, and all body parts including attached/ detached eggs are more conveniently returned back into the tube (Skillman et al. 2018a) . If specific comparisons between eggs and remaining body parts are of interest, the eggs are carefully separated and transferred to run assays on the eggs alone and remaining body remnants (Sisterson et al. 2015, Skillman and Lee 2017) .
Standards
Standards are often purchased from a chemical supplier although vegetable oil has been used as a lipid standard. Standards may be ready for use in kits or need to be diluted in an appropriate solvent. Known quantities of the standard are reacted with the reagents to derive a calibration line; these linear regressions often have an r 2 value of 0.95 or higher. Foray et al. (2012) recommends starting with a concentration below what is expected in the insect sample and ending with a concentration above what is expected. In Olson et al. (2000) , three replicates are run for each lipid, glycogen (1, 5, 10, 25, 50, 75 , and 100 µg), and sugar standard (1, 5, 10, 20, 30, 40, and 50 µg) . For smaller insects, the standards are in the range of 1-20 µg (Supp Appendix A [online only]). In Phillips et al. (2018) , replicate plates are run for glucose, trehalose, and fructose standards made by serial dilution (1. 25, 2.5, 5, 10, 20, 40, 60, 80 , and 100 µg/ml). Standards may be run on each microplate to account for potential variation among different plates.
Cleanliness
As with many other laboratory assays, a 'clean' lab bench is set up because these assays can get contaminated. Dedicated glass flasks and bottles are set aside because trace amounts of sugar are not always washed off and persist through autoclaving. If smaller glassware is reused like withholding the supernatant before aliquoting and dilution steps (Skillman et al. 2018b ), this glass is rinsed well with hot water with a dedicated brush that does not touch soap.
Safety
Assays using concentrated acids and chloroform require appropriate storage cabinets, fume hoods, safety wear, and disposal. Because sulfuric acid is slippery, dedicated pipettors for acid-use are kept separate from pipettors for molecular work. A filtered pipette tip helps reduce acid wear but gets costly if used for each step. A threepart timer simultaneously times multiple reactions, and a lab timer should be used over personal devices due to potential acid wear.
Applications
Nutrient assays pave the way for exciting research questions surveyed among 85 studies (Supp Table S1 [online only]). Because most papers have multiple studies, Supp Table S1 (online only) focuses on the specific experiment with nutrient assays and lists various measurements taken from a given insect. When additional measurements are taken from the same insect, such as egg load, direct statistical correlations can be drawn between these factors. Common research applications are described below, including some examples from the author.
Energetics
First, these nutrient assays determine the energetic levels an insect may have at emergence, under starvation and well-fed conditions. Measurements taken over several days inform whether nutrient acquisition or catabolism occurs quickly/slowly or plateaus at a given level or time. Studies about rearing or biological control often feed insects various diets and then run nutrient assays on the insects to determine diet quality. These assays are often coupled with longevity studies run on a separate subset of insects, and then conclusions are drawn together. Sometimes, longevity is monitored, and the same insect upon death is immediately stored for nutrient assays (Pelosse et al. 2010) . Moreover, the nutrient content of the host (plant, sap, egg, mummy) can be measured to understand nutrient acquisition or host selection by the insect; dual host-insect measurements have been done with aphids (Hosseini et al. 2018) , bark beetles (Louis et al. 2014) , coccinellid beetles (Fu et al. 2017) , leafhoppers (Sisterson et al. 2017) , tephritid flies (Yee and Chapman 2008) , and trichogrammatid wasps (Kishani Farahani et al. 2016) . Last, these assays provide insight into the nutritional ecology of insects in the field. Yee and Chapman (2008) collected tephritid flies from leaves, fruit, or extrafloral nectar of cherry trees to study nutrient dynamics through the season. Pélisson et al. (2013) collected weevils at emergence and through their breeding season in oaks to monitor energy budgets relative to reproductive strategy.
Biological Control
Habitat manipulation includes providing natural enemies with sugar sources with flowers, extrafloral nectar, or sugar sprays (Landis et al. 2000 , Wade et al. 2008 ; the cold anthrone, HPLC, or enzymatic assay can confirm that feeding occurred in the field when specific sugars are detected in the insect. The detection period may be narrow if the insects digest their meals quickly. For instance, coccinellid adults fed sucrose have detectable fructose levels for about 1 h with the cold anthrone quick press method (Seagraves et al. 2011) . Despite this, 17-95% of field-collected coccinellids tested positive for feeding following sugar sprays in soybean fields. Assays have been done on both the parasitoid and pest species to assess whether floral borders were selectively enhancing the parasitoid (Winkler et al. 2009 ). Nutrient assays combined with oviposition data provide an overall assessment of whether sugar provisioning is beneficial in the field. Segoli and Rosenheim (2013) assayed wasps for either sugar feeding or egg load and found that females laid more eggs in sites where more wasps had fed. In another example, the response of wasps to floral borders in crop fields was studied by monitoring parasitism rates on the crop pest, feeding incidence, age, and shortterm oviposition . Wasps that had fed more were older and more fecund, indicating a fitness benefit to the parasitoid from floral borders.
Maternal Allocation
Nutrient assays have been used to assess maternal allocation to eggs. Muller et al. (2017) found that older parasitoid mothers provisioned their eggs with less protein, lipid, and sugar than younger mothers. Later on, the hatched larvae from old mothers could alleviate the negative impacts of low maternal provisioning through larval feeding, but adult offspring still emerged with lower protein and glycogen. This indicates that reduced egg allocation can have longerterm effects on offspring fitness. For insect-rearing applications, wildcollected female stink bugs fed a standard lab diet produced eggs of similar nutrient quality as they aged (Skillman and Lee 2017) . This was a favorable outcome because these eggs were hosts for a parasitoid colony, and there was concern about declining host quality.
Behaviors
Insect behaviors can be driven by energetic reserves and are costly to perform, and nutrient assays coupled with behavioral assays offer a closer examination of these dynamics. Reproduction is costly not only in terms of egg production but also in terms of physical activity. For example, male tephritid flies with higher protein and sugar levels were found lekking as opposed to resting in the field (Yuval et al. 1998 ). This suggests that only male flies with sufficient energetic reserves join leks and that reproductive success is tied to foraging success. In crickets, energetic constraints were suggested to reduce calling by males fed low-quality diets (Houslay et al. 2017) . Some behaviors may enhance energetic reserves, as both sexes of an amphipod that engaged in precopulatory mate guarding had higher energetic reserves than those kept single (Iltis et al. 2017 ). Overwintering diapause is energetically costly (Hahn and Denlinger 2011) . For a parasitic wasp, increased diapause duration among pupae resulted in adults emerging with lower lipid reserves (Ellers and Van Alphen 2002) . For a pentatomid, low energetic reserves probably drove adults to exit diapause (Skillman et al. 2018a ). Last, nutrient assays can shed light on orientation. A braconid wasp with intermediate satiation (moderate fructose levels) oriented toward host odors and highly satiated wasps were unresponsive in olfactometer trials (Lightle et al. 2010) .
A recent study coupled nutrient and predator exposure assays to test how prey will vary their behavior or metabolism in response to predator risk (Tigreros et al. 2018) . Beetle prey with high/low nutritional condition was exposed to a predatory stink bug with its stylet removed or intact. Prey with higher nutritional condition hid and suppressed feeding in the presence of predators. They used more lipid reserves that may have been available because they had fed on eggs rich in lipids. In contrast, prey with lower nutritional condition increased their plant feeding in the presence of a predator. This carbohydrate feeding fueled their increased metabolic rate and alertness response. Interestingly, by adjusting behavioral and physiological responses, prey from both nutritional states achieved similar growth rates and energy reserves.
Dispersal
Flight behavior has been coupled with nutrient assays to determine what energetic substrates fuel flight. Insects are frequently tested on tethered flight mills as reviewed by Naranjo (2019) . Flight duration has correlated with increased energy expenditure in aphids (Cockbain 1961, Liquido and Irwin 1986) and flies (Williams et al. 1943) . Also, Amat et al. (2012) assessed whether this energy use differs between two reproductive modes of a parasitic wasp: thelytokous and arrhenotokous. Although flight energetics research is exciting, some caveats exist. Because nutrient assays are destructive, it is not possible to assess levels before and after flight in the same individual. Instead, researchers assay unflown insects kept in the same treatments/conditions as the flown group. Tethering requires an adhesive, and it is not known if this may affect the nutrient assay. As a precaution, Wong (unpublished data) checked that flies with superglue on their pronotum had similar nutrient readings as flies without superglue, and proceeded with assays on glued flies (Wong et al. 2018) .
Tethered flight, although good for comparative purposes, does not represent actual flight (Naranjo 2019) ; thus, other methods to assess insect movement in the field combined with nutrient assays would advance knowledge on dispersal energetics. Mark-release-recapture and mark-capture of insects are two approaches to do so. Insects are marked either directly or indirectly (with the mark applied to plant surfaces or habitat; Hagler and Jackson 2001, Hagler 2019) . Ellers et al. (1998) marked parasitoid wasps with paint and found that wasps caught at greater distances from the release point had lower lipid reserves. Recently, Boyle et al. (2018) developed a nonlethal examination for protein-marked insects. After washing live bees in a buffer, the rinse can be frozen for assessing if the bee was marked; then live bees can be either released or used for other analysis. This approach of mark-capture that saves the intact insect for nutrient assays would be a useful tool for future dispersal research.
Summary
The vanillin and anthrone assays described by Van Handel have been extremely useful to study feeding ecology, biological control, and dynamics between insect physiology and behavior. Many adaptations have since been made, and other procedures for measuring lipids and sugars are also popular. These assays can be simple qualitative assessments with minimal equipment to quantitative measurements with more steps and sophisticated equipment. New users have logistical aspects to consider given their resources and time, and then let their imaginations run with research ideas.
Supplementary Data
Supplementary data are available at Annals of the Entomological Society of America online.
